A gene coding for adenylate kinase was cloned from an extremely thermoacidophilic archaeon Sulfolobus solfataricus. The open reading frame of the sequenced gene consisted of 585 nucleotides coding for a polypeptide of 195 amino acid residues with a calculated molecular weight of 21,325. Although the S. solfataricus adenylate kinase, which belonged to the small variants of the adenylate kinase family, had low sequence identities with bacterial and eukaryotic enzymes, a functionally important glycine-rich region and also two invariant arginine residues were conserved in the sequence of the S. solfataricus enzyme. The recombinant enzyme, overexpressed in Escherichia coli and puriˆed to homogeneity, had high a‹nity for AMP and high thermal stability, comparable to the extremely thermostable enzyme from a similar archaeon, S. acidocaldarius. Furthermore, gelˆltration and sedimentation analyses showed that the S. solfataricus adenylate kinase was a homotrimer in solution, which is a novel subunit structure for nucleoside monophosphate kinases.
A gene coding for adenylate kinase was cloned from an extremely thermoacidophilic archaeon Sulfolobus solfataricus. The open reading frame of the sequenced gene consisted of 585 nucleotides coding for a polypeptide of 195 amino acid residues with a calculated molecular weight of 21, 325 . Although the S. solfataricus adenylate kinase, which belonged to the small variants of the adenylate kinase family, had low sequence identities with bacterial and eukaryotic enzymes, a functionally important glycine-rich region and also two invariant arginine residues were conserved in the sequence of the S. solfataricus enzyme. The recombinant enzyme, overexpressed in Escherichia coli and puriˆed to homogeneity, had high a‹nity for AMP and high thermal stability, comparable to the extremely thermostable enzyme from a similar archaeon, S. acidocaldarius. Furthermore, gelˆltration and sedimentation analyses showed that the S. solfataricus adenylate kinase was a homotrimer in solution, which is a novel subunit structure for nucleoside monophosphate kinases.
Key words: adenylate kinase; archaea; Sulfolobus; thermoacidophile Adenylate kinase (EC 2.7.4.3) catalyzes the reversible transfer of the g-phosphate group of MgATP to the phosphate moiety of AMP, producing MgADP and ADP. The adenine nucleotides play pivotal roles in acquiring, transferring, and storing chemical energies in living systems. Consequently, adenylate kinase is indispensable for virtually all organisms, maintaining an equilibrium of cellular concentrations of these nucleotides, depending on the required energy level. The substrate speciˆcity of adenylate kinase is markedly high for AMP as a phosphoryl acceptor but relatively low for MgATP as a phosphoryl donor. The strict base-speciˆcity for nucleoside monophosphate (NMP) discriminates adenylate kinase from other NMP kinases that catalyze the phosphoryl transfer between MgATP and an NMP substrate speciˆc for each enzyme. 1) Among NMP kinases, the structures and catalytic mechanisms of bacterial and eukaryotic adenylate kinases have been most extensively studied, mainly due to their biological importance and ubiquitous distribution. [2] [3] [4] So far, the complete amino acid sequences have been analyzed for a large number of enzymes belonging to the adenylate kinase family and classiˆed into small and large variants based on a distinct structural diŠerence. The enzymes of small variants lack a 30-residue sequence that occurs in about the middle of the polypeptide chain of large variant enzymes 5) and have a shortened`LID' region, 6) while the large variant enzymes have a longer LID region by the 30-residue insertion (see Fig. 6 ). Previous X-ray crystallographic studies have demonstrated that, upon binding of MgATP and AMP, these LID regions move toward the remaining part of the protein and protect the catalytic site of the enzyme W MgATP W AMP-ternary complex from bulk water, facilitating the phosphoryl transfer and preventing the hydrolysis.
6) The large variant group includes the enzymes from most bacteria, yeasts, mitochondria, and chloroplasts, whereas the small variant group includes those from vertebrate cytosol.
Recently, the amino acid sequences have also been analyzed for several archaeal adenylate kinases. 7, 8) The enzymes of an extremely thermoacidophilic ar-chaeon Sulfolobus acidocaldarius 7) and the methanogenic members of the archaea Methanococcus 8) belong to the small variants of the adenylate kinase family on the basis of their polypeptide sizes, but overall sequence identities are very low with the enzymes of both small and large variants. Exceptionally, the enzyme of a halophilic archaeon Halobacterium halobium belongs to the large variant adenylate kinase group and shows signiˆcant sequence similarity to bacterial enzymes 9) (see also Fig. 6 ). Furthermore, the S. acidocaldarius enzyme shows only low sequence identities with those of the Methanococcus enzymes (about 40z). Thus, to compare sequences based on a correct alignment, further information on archaeal enzyme sequences, particularly those belonging to the genus Sulfolobus, was needed. Although it has been shown by Fourier transform infrared spectroscopy that the S. acidocaldarius enzyme has a compact and rigid core protein structure, 10) likely contributing to its extreme thermostability, 11) the archaeal enzymes in general have not been well characterized in their enzymological properties as compared with bacterial and eukaryotic adenylate kinases. We have found that an adenylate kinase puriˆed from S. solfataricus undergoes strong substrate inhibition at a very low concentration of AMP (Okajima et al., unpublished results), which prompted us to clone the S. solfataricus adenylate kinase gene and further elucidate enzymological properties of the recombinant enzyme.
In these studies, we have cloned and sequenced an adenylate kinase gene of S. solfataricus, a member of the extremely thermoacidophilic archaea that grow optimally at near 909 C and pH 3.5-5.
12) The S. solfataricus enzyme has been found to belong to the small variant group, like the S. acidocaldarius adenylate kinase, and contain a functionally important glycine-rich region and two invariant arginine residues in the amino acid sequence. We have also overproduced the recombinant enzyme in Escherichia coli cells and puriˆed it for further characterization. A noteworthy feature of the S. solfataricus enzyme is a homotrimeric subunit structure, which has not been reported for NMP kinases including adenylate kinase.
Materials and Methods
Materials. The following materials were obtained commercially: restriction enzymes and Taq DNA polymerase (Nippon Gene or Takara Shuzo), nucleoside mono-and triphosphates (Seikagaku Kogyo or Sigma), and lactate dehydrogenase and pyruvate kinase, both from rabbit muscle (Oriental Yeast). S. solfataricus IFO15331 was obtained from the Institute for Fermentation, Osaka. All other chemicals were of the highest purity commercially available. 4 fraction were collected and put on, after thorough dialysis against buŠer I, a Whatman DE52 column (5×20.5 cm) pre-equilibrated with buŠer I. The unadsorbed proteins were then put on a BlueToyopearl 650ML (Tosoh) column (1.8×11 cm) preequilibrated with buŠer I. The enzyme was eluted with a 400-ml linear gradient from 0 to 1.0 M NaCl in buŠer II (buŠer I supplemented with 10z glycerol) followed by 200 ml of 1.0 M NaCl in buŠer II. The fractions containing the enzyme activity were collected, dialyzed against buŠer II, and put on a Mono Q column (1.0×10 cm) with an FPLC system (Pharmacia). The enzyme was eluted at a ‰ow rate of 1.0 ml W min with a 60-min linear gradient from 0 to 0.4 M NaCl in buŠer II. The fractions containing the enzyme activity were, after addition of 1.5 M (NH4)2SO4 (ˆnal concentration), put on a Phenylsepharose column (0.5×5 cm, Pharmacia). The enzyme was eluted at a ‰ow rate of 1.0 ml W min with a 60-min linear gradient from 1.2 to 0 M (NH4)2SO4 in buŠer II. The fractions containing the enzymatic activity were dialyzed against distilled H2O and lyophilized.
Analysis of partial amino acid sequences. The enzyme preparation obtained above was further puried with a Vydac C4 reverse phase column (the Separation Group, Hesperia, CA) attached to a Tosoh high pressure liquid chromatography (HPLC) system using a 40-min linear gradient from solvent A (0.1z tri‰uoroacetic acid) to solvent B (100z acetonitrile containing 0.095z tri‰uoroacetic acid) at a ‰ow rate of 1.0 ml W min. The absorbance at 215 nm was continuously monitored. A major protein peak eluted was lyophilized and re-dissolved in 50 mM Tris-HCl (pH 8.0) containing 4 M urea. To this solution was added 0.4 mg of lysyl endopeptidase and the digestion was done at 379 C overnight. A portion of the digest was separated by HPLC with a Vydac C18 column using a 60-min linear gradient from solvent A to 80z solvent C (90z acetonitrile containing 0.095z tri‰uoroacetic acid) at a ‰ow rate of 1.0 ml W min. Amino acid sequences of the N-termini of the intact enzyme and several isolated peptides were analyzed with a Perkin Elmer model 477A protein sequencer linked with a Perkin Elmer model 120A PTH analyzer.
PCR ampliˆcation of adenylate kinase gene. For ampliˆcation of the adenylate kinase gene, the following two degenerate oligonucleotides, P1 and P2, were designed according to the partial amino acid sequences found. P1 and P2 corresponded to the nucleotide sequences from 97 to 119 (sense strand) and from 520 to 540 (complementary strand), respectively (see Fig. 1 
The genomic DNA was prepared from S. solfataricus cells as described by Yamagishi and Oshima.
13) The adenylate kinase gene was ampliˆed by the polymerase chain reaction (PCR) with P1 and P2 as primers and the genomic DNA as a template in a thermal cyclic reactor (Perkin Elmer GeneAmp PCR System 2400). The PCR product was puriˆed by agarose gel electrophoresis and ligated into a pT7-blueT vector (Novagen) to examine the DNA sequence. Since the deduced amino acid sequence of the PCR product contained those determined from the puriˆed peptides, a 440-base pair (bp) EcoRI-PstI fragment excised from the plasmid was used as a probe for Southern blot analysis and screening of the genomic DNA library after labeling with [a-32 P]CTP by the standard random labeling method. 14) Construction and screening of genomic DNA library. Total genomic DNA was thoroughly digested with EcoRI and ligated into a pBluescript II SK (+) vector (Stratagene). The resultant genomic DNA library was used to transform E. coli JM109 cells to give about 1,700 colonies per plate (diameter, 8 cm). Replica nylonˆlters (S&S, NY13N) were prepared from 10 master plates. Probe hybridization was done at 659 C overnight in 0.5 M sodium phosphate buŠer (pH 7.2) 15) containing 1 mM EDTA, 7z SDS, and the 32 P-labeled probe. Theˆlters were washed three times at 659 C for 10 min in 40 mM sodium phosphate buŠer (pH 7.2) containing 1z SDS. Radioactive signals were detected with a Bio-imaging analyzer BAS1000 Mac system (Fuji Photo Film).
Subcloning and DNA sequencing. Plasmids were isolated from positive clones and digested by HindIII or HindIII plus PstI. 2,300-bp HindIII-HindIII and 1,200-bp HindIII-PstI fragments were subcloned into pBluescript II SK (+). The DNA sequence was analyzed with a Perkin Elmer 370S DNA sequencer using universal and custom-made primers.
Construction of expression plasmid. For construction of an expression plasmid for the cloned adenylate kinase gene, the entire coding region was amplied by PCR using the isolated plasmid DNA as a template and the following oligonucleotides, P3 and P4, as primers. P3 and P4 corresponded to the nucleotide sequences from "15 to 21 (sense strand) and from 583 to 612 (complementary strand) (see Fig. 1 ) and contained newly introduced SalI W NdeI and BamHI sites (underlined), respectively, in which mismatching bases are shown in italic. P3: 5?-AATAGGTGTCGACATATGAAAATAG-GTATAGTAACT-3? P4: 3?-TACACTTTCATACCTAGGTTTATGTTA-TAT-5? The PCR product was puriˆed by agarose gel electrophoresis, digested with SalI and BamHI, and ligated into pBluescript II SK (+) for DNA sequencing; no undesired mutation was found in the ampliˆed fragment except for the newly introduced restriction sites. Subsequently, the coding region was excised by digestion with NdeI and BamHI and inserted into an expression plasmid, pET-3b (Stratagene), to yield theˆnal adenylate kinase expression plasmid, designated pESAK.
Overproduction and puriˆcation of recombinant adenylate kinase. E. coli BL21 (DE3) cells transformed with pESAK were grown at 379 C for 16 h in 3.6 liters of a Luria broth medium containing 100 mg W ml sodium ampicillin. The cells harvested by centrifugation were suspended in buŠer III (50 mM sodium phosphate buŠer, pH 6.5) and disrupted by sonication. The supernatant obtained by centrifugation was twice heat-treated at 709 C for 20 min. After removal of the denatured proteins by centrifugation, the supernatant was put on a phosphocellulose (Whatman) column (2.5×20 cm) pre-equilibrated with buŠer III. The enzyme was eluted with a 400-ml linear gradient from 0 to 0.3 M NaCl in buŠer III and additional 300 ml of buŠer III containing 0.3 M NaCl. The fractions containing the enzyme activity were combined, concentrated by ultraˆltration, and dialyzed against appropriate buŠers used in the subsequent experiments.
Measurements of enzyme activity and protein concentration. The enzyme activity was routinely measured at 379 C by the standard coupling method in the assay mixture containing 87 mM triethanolamineHCl (pH 7.5), 10 mM MgCl2, 100 mM KCl, 1 mM phosphoenolpyruvate, 0.16 mM NADH, 1 mM ATP, 1 mM AMP, 5 units of pyruvate kinase, and 20 units of lactate dehydrogenase, as described previously. For measurements of the enzyme activity at 759 C, theˆrst adenylate kinase reaction was done in a separate reaction mixture (1.7 ml) containing 50 mM HEPES (pH 7.5, adjusted at 759 C), 100 mM KCl, 10 mM MgCl2, 1 mM ATP, and 1 mM AMP. After equilibration of the reaction mixture at 759 C for 5 min, an appropriate amount of the S. solfataricus adenylate kinase was added to start the reaction. At every 1 min of the reaction continued at 759 C, a 0.5-ml portion of the reaction mixture was withdrawn and mixed with a 0.5-ml ice-cold stop solution containing 50 mM HEPES (pH 7.5), 0.32 mM NADH, 2 mM phosphoenolpyruvate, 20 units each of pyruvate kinase and lactate dehydrogenase (excess amounts that are enough to measure at 09 C all ADP produced in theˆrst adenylate kinase reaction), and 5 mM P 1 , P 5 -bis(5?-adenosyl) pentaphosphate (a bisubstrate analogue for inhibiting the E. coli endogenous adenylate kinase, added only in the puriˆ-cation of the recombinant S. solfataricus adenylate kinase). After a 1-min second reaction of the coupled NADH oxidation on ice, 0.1 ml of 0.4 M EDTA (pH 8.0) was further added at room temperature to stop completely both the adenylate kinase and coupling reactions. Adenylate kinase activities were calculated from the net decreases in absorbance at 340 nm.
Protein concentrations of the puriˆed enzyme were measured spectrophotometrically at 280 nm using an extinction coe‹cient of 4.19 for a 10 mg W ml solution of the enzyme, which was estimated from the amino acid composition. 16) Molecular weight measurement. The molecular weight of the native S. solfataricus adenylate kinase was analyzed by gelˆltration with a Superdex 200 HR 10 W 30 column (Pharmacia) equipped on an FPLC system. The column was equilibrated at 259 C with 50 mM sodium phosphate (pH 7.0) containing 0.15 M NaCl and developed with the same buŠer at a ‰ow rate of 0.5 ml W min. The standard proteins used for column calibration were aldolase ( Mr 158,000), bovine serum albumin ( Mr 67,000), ovalbumin ( Mr 43,000), chymotrypsinogen A ( Mr 25,000), and ribonuclease A ( Mr 13,700).
Sedimentation analysis of the enzyme was done at 259 C using a Beckman model XL-A analytical ultracentrifuge with an An60Ti rotor operated at 12,000 rpm. The initial concentrations of the protein solution used were 0.67, 1.33, 1.60, 3.18, 4.73, and 9.37 mg W ml in 50 mM sodium phosphate buŠer (pH 6.5) containing 0.1 M NaCl. The concentration gradients at equilibrium of the protein solutions were measured in absorbance at 280 nm after 48 h from the beginning of centrifugation and were analyzed bŷ tting to Equation 1 17, 18) with a Microcal Origin software.
where A(r) is an absorbance value at a point r cm from the axis of the rotation, M is the apparent molecular weight of the solute, r0 is a reference point, B is the baseline correction, and H is deˆned by the following equation.
where v is the partial speciˆc volume of the solute, r is the density of solvent, v is the angular velocity, R is the gas constant, and T is the absolute temperature. For calculation of the molecular weight of the S. solfataricus adenylate kinase, a partial speciˆc volume of 0.753 cm 3 W g, assumed from the amino acid composition, 17, 18) was used.
Results

Puriˆcation of adenylate kinase from S. solfataricus and analysis of partial amino acid sequences
To obtain structural information of the S. solfataricus adenylate kinase, weˆrst puriˆed the enzyme from the archaeal cells using several column chromatographic procedures as described above. Although theˆnal yield of the puriˆed enzyme was very low (Table 1) , the amount (0.25 mg) was su‹cient for subsequent structural analysis. The puriˆed enzyme appeared to be À90z homogeneous on the basis of sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) (data not shown), and the estimated molecular size of the subunit polypeptide was about 21,000 Da. Following further puriˆcation by reverse phase HPLC, a X, unidentiˆed residue. Hyphens show incomplete sequencing because of an insu‹cient amount of sample. The sequences used in the design of the PCR primers are underlined. b All lysyl endopeptidase fragments sequenced were not from the N-terminus of the enzyme, so a Lys residue is assumed to precede each sequence as shown in parentheses. c Positions in the complete sequence (see Fig. 1 ).
the enzyme protein was subjected to N-terminal amino acid sequence analysis. As shown in Table 2 , an amino acid sequence with the 1st Met as an unmodied N-terminus was obtained up to the 14th cycle of automated Edman degradation, in which the consensus Gly-rich sequence for nucleotide-binding proteins 19) was included. The HPLC-puriˆed protein was also digested with lysyl endopeptidase for sequence analysis of internal regions of the polypeptide. Amino acid sequences of 5 peptide fragments puriˆed from the protease digest by reverse phase HPLC were analyzed and shown in Table 2 , as well. The sequenced residues summed to about 40z of the entire amino acid sequence of the S. solfataricus adenylate kinase (see Fig. 1 ).
Gene cloning and nucleotide sequencing of S. solfataricus adenylate kinase
Two oligonucleotide primers (P1 and P2) for PCRampliˆcation of a part of the S. solfataricus adenylate kinase gene have been designed based on the partial amino acid sequences given above, so that the overall codon degeneracy would become as low as possible. A 440-bp fragment could be ampliˆed by PCR with the S. solfataricus genomic DNA as the template and its 5?-and 3?-terminal regions were found to coincide with the sequences of P1 and P2 primers, respectively, by nucleotide sequence analysis (data not shown). Furthermore, the translated amino acid sequence of the 440-bp fragment contained the sequences found for other internal peptides (see Fig. 1 ). The PCR-ampliˆed DNA fragment was thus concluded to be a part of the S. solfataricus adenylate kinase gene and used as a probe in the following screening of the genomic DNA library.
In Southern blot analysis of S. solfataricus genomic DNA, the 32 P-labeled probe was found to hybridize with each of single bands of about 20, 6.5, and 2 kilobase pairs (kbp) in the genomic DNA fragments obtained by the complete digestion with XhoI, EcoRI, and HindIII, respectively (data not shown). Because there was a HindIII site in the probe DNA sequence, we constructed the total genomic DNA library with the EcoRI-digested fragments ligated into pBluescript II SK (+). Approximately 2×10 4 colonies from the genomic DNA library were plated and transferred onto nylon membraneˆlters. As a result of screening with the 32 P-labeled probe, 10 positive clones were isolated. Using P1 and P2 primers and the plasmids isolated from the positive clones as the template, a DNA fragment of the same size (440 bp) was ampliˆed by PCR from all of the 10 clones, indicating that these positive clones contained the complete adenylate kinase gene or its major portion with an identical size. Southern blot and restriction analyses of the inserted 6.5-kbp EcoRI fragments obtained from two arbitrarily chosen positive clones have indicated that the adenylate kinase gene is located spanning the contiguous PstI-HindIII (1.2 kbp) and HindIII-HindIII (2.3 kbp) fragments. These two fragments, separately subcloned into pBluescript II SK (+), as well as the entire 6.5-kbp EcoRI fragment in pBluescript II SK (+) were used for sequence analysis of the adenylate kinase gene in both orientations with custom-made primers.
The complete nucleotide sequence of the coding and ‰anking non-coding regions of the S. solfataricus adenylate kinase gene is shown in Fig. 1 . A 585-bp single open reading frame, starting with an initiation codon, ATG, and ending with a nonsense codon, TGA, was identiˆed in the sequence. All of the partial amino acid sequences found proteinchemically (Table 2) were also found in the translated amino acid sequence consisting of 195 residues (Fig. 1) , from which the molecular weight of the enzyme polypeptide was calculated to be 21,325, in good agreement with the value found by SDS-PAGE for the enzyme puriˆed from S. solfataricus cells, as described above.
The box A and B motifs conserved in the 5?-upstream regions from the translational initiation site of most archaeal genes [the consensus sequences; box A, TTTA(A W T)A; box B, (A W T)TG(A W C)] 20) are located at nucleotides "26 to "22 and "9 to "7, respectively (Fig. 1) . In the 3?-downstream region from the translational termination site, a putative transcriptional termination signal for archaeal genes [consensus sequence, TTTTT(C W T)T] 21) is also found The nucleotide sequence is numbered in the 5? to 3? direction beginning at theˆrst A of the translation initiation ATG codon as nucleotide 1; nucleotides in the 5?-upstream non-coding region are numbered with a negative sign. The amino acid sequence is numbered from theˆrst Met. Partial amino acid sequences for the N-termini of the puriˆed protein and peptide fragments obtained by the lysyl endopeptidase digestion are underlined with unidentiˆed residues underlined by broken lines. Thick bars represent the putative transcriptional initiation and termination signals described in the text. The nucleotide sequence found in this study has been deposited in the GenBank W EBI W DDBJ date bank with accession number AB006440.
at nucleotides 615 to 621 (Fig. 1) .
Overproduction of S. solfataricus adenylate kinase in E. coli cells
To construct a high expression system for the cloned adenylate kinase gene in E. coli, we inserted the whole structural gene into an expression vector, pET-3b, which carries a strong T7 promoter and terminator. 22 ) When grown at 379 C, the E. coli BL21 (DE3) cells transformed with the resultant plasmid, pESAK, produced the active enzyme in a soluble fraction of the cell lysate, even without addition of the inducer, isopropyl-b-D-thiogalactoside. The amount of the recombinant adenylate kinase produced in E. coli cells appeared to correspond to about 20z of the total soluble proteins, as judged from the speciˆc activity of adenylate kinase (see Table 3 ) and the stained protein bands in SDS-PAGE ( Fig. 2 ) of the crude cell extract.
The e‹cient gene expression in E. coli and the high thermal stability of the S. solfataricus adenylate kinase (see below) greatly eased the puriˆcation of the recombinant enzyme in a large quantity. Thus, two repetitions of the heat treatment of the E. coli crude extract at 709 C for 20 min resulted in more than 5-fold puriˆcation without appreciable loss of the total activity (Table 3 ) and removal of most E. coli-derived proteins (Fig. 2) . Essentially homogeneous enzyme could be obtained by only the following single column chromatographic procedure using phosphocellulose. Starting from a 3.6-liter culture of the E. coli cells carrying pESAK, more than 100 mg of the puriˆed enzyme with markedly high speciˆc activity was obtained (Table 3) ; the puriˆcation is very rapid, simple, and e‹cient, as compared with that from the cultured S. solfataricus cells (Table 1) . It should be noted that, although the host E. coli cells contained the endogenous adenylate kinase, it was mostly precipitated by the heat treatment and completely separated by the phosphocellulose column chromatography into an unadsorbed fraction (data not shown).
Characterization of the recombinant S. solfataricus adenylate kinase
The subunit polypeptide size (21,000 Da) of the recombinant enzyme estimated by SDS-PAGE (Fig. 2) was the same as the enzyme puriˆed from S. solfataricus cells. In addition, the direct amino acid sequence analysis of the puriˆed recombinant protein provided an N-terminal sequence up to the 15th cycle identical with the translated amino acid sequence (Fig. 1) , including theˆrst Met that was also unprocessed in E. coli cells. Like other enzymes in the adenylate kinase family, 2) the S. solfataricus enzyme used AMP as an almost exclusive phosphoryl acceptor from MgATP; other NMP substrates served as very poor phosphoryl acceptors. When the activity for the MgATP-AMP pair (1 mM each) was taken as 100, relative activities with MgATP and either one of CMP, UMP, GMP, and IMP were 0.28, 0.01, 0.01, and 0.06, respectively. Thermostability of the S. solfataricus enzyme was investigated by measuring the residual enzyme activities after incubation of the puriˆed enzyme at various temperatures for 10 min (Fig. 3) . The enzyme was found to be quite stable during incubation at temperatures below 909 C and was only partially inactivated by incubation at temperatures above 909 C. When the protein unfolding process induced by gradual heating was monitored by the changes in ellipticity at 222 nm with a circular dichroism spectrophotometer, the enzyme protein started denaturation at 829 C. However, detailed thermodynamic parameters of the protein unfolding process could not be obtained because of the process being completely irreversible (data not shown).
Gelˆltration chromatography on Superdex 200 calibrated with standard proteins has provided an apparent molecular mass of 64,000 Da for both the enzyme preparations puriˆed from S. solfataricus and the recombinant E. coli cells (data not shown), suggesting that the enzyme has a trimeric structure consisting of three 21,000-Da subunits in solution. Since this subunit structure is unusual for the enzymes belonging not only to the adenylate kinase family but also to other NMP kinases, we have further analyzed the molecular weight by sedimentation equilibrium. The puriˆed recombinant adenylate kinase (2 mg W ml) in 50 mM sodium phosphate buŠer (pH 6.5) was incubated at various temperatures for 10 min. Residual activities in the enzyme solution immediately cooled on ice were measured at 379 C by the standard assay method. The broken line is the hear inactivation curve of chicken muscle adenylate kinase obtained under similar conditions. 23) Fig. 4 . Sedimentation Analysis of the S. solfataricus Adenylate Kinase.
(A) Sedimentation equilibrium was reached at 12,000 rpm at 259 C with a 0.67-mg W ml solution of the puriˆed S. solfataricus adenylate kinase in 50 mM sodium phosphate buŠer (pH 6.5) containing 100 mM NaCl. The curve was drawn by the least-squares bestˆt of the data to Equation 1, yielding an estimated apparent molecular weight of 62,800. (B) Residuals in the curveˆtting. (C) Reciprocals of the apparent molecular weights obtained from each analysis were plotted against protein concentrations. Extrapolation of the least-squares best-ˆtted line to the zero protein concentration gives a value of 62,900±3200 (SD) for the molecular weight of the S. solfataricus adenylate kinase.
The concentration gradients of the enzyme solutions established at sedimentation equilibrium (48 h) were measured in absorbance at 280 nm as a function of the distances from the rotation axis. As exempliˆed by the analysis for a 0.67-mg W ml solution shown in Fig. 4A , all the data obtained at various protein concentrations were wellˆtted to Equation 1 by the leastsquares method. Residuals in the curveˆtting deviate nearly uniformly throughout the rotation radius (Fig. 4B) , suggesting the presence of a single sedimentation species. By plotting reciprocals of the apparent molecular weight obtained from each analysis against protein concentrations (Fig. 4C) , the molecular weight of the S. solfataricus adenylate kinase was estimated to be 62,900±3200 (SD) on extrapolation to the zero protein concentration. Very similar results obtained by these two diŠerent methods of molecular weight determination have thus led us to conclude that the S. solfataricus enzyme has a unique homotrimeric subunit structure that has never been reported for NMP kinases including adenylate kinase, at least in vitro and at 259 C in the neutral pH region. However, the subunit structure at an elevated temperature, where the organism grows optimally (about 909 C), 12) remains to be studied.
Steady-state kinetic analysis
The activities of the S. solfataricus adenylate kinase were measured using systematically varied concentrations of both MgATP and AMP (Fig. 5AB) . The S. solfataricus adenylate kinase underwent strong substrate inhibition at AMP concentrations above 7 mM (Fig. 5A) . Although similar substrate inhibition by AMP has been reported for various bacterial and eukaryotic enzymes, 2) the concentration limit for inhibition of the S. solfataricus adenylate kinase is much lower than for others. Double reciprocal plots of reaction rates at AMP concentrations lower than 7 mM, where the substrate inhibition is unobserved, provided all lines measured at a series of constant MgATP concentrations intersecting in a point (Fig. 5B) , consistent with the sequential reaction mechanism. Assuming that the S. solfataricus adenylate kinase catalyzes the reaction in a random quasi-equilibrium Bi Bi mechanism as do other adenylate kinases, the steady-state kinetic parameters were calculated with the SEQUEN program described by Cleland. 24) These parameters are summarized in Table 4 , where Km1 and Km4 represent the Michaelis constants for AMP at zero and inˆnite concentrations of MgATP, respectively, and Km2 and Km3 are those for MgATP at zero and inˆnite concentrations of AMP, respectively.
Discussion
The gene encoding adenylate kinase of an extremely thermoacidophilic archaeon S. solfataricus has been cloned and sequenced for this study. After submission of our sequence data to the GeneBank W EBI W DDBJ data bank (accession number, AB006440), the complete genome sequence of S. solfataricus P2 was reported. 25) An adenylate kinase gene (KEGG database ID, SSO0694), whose sequence agreed with that reported here, was identiˆed based on the sequence similarity with those of other organisms. A gene homologous to adenylate kinase was also identiˆed (KEGG database ID, SSO1041). NMP kinases often show signiˆcant sequence similarity despite their distinct substrate speciˆcities, 26) indicating the necessity of cloning and subsequent enzymological studies even after termination of a genome project for unambiguous identiˆcation of a gene product. In this regard, this study clearly demonstrates that the adenylate kinase gene is indeed expressed in S. solfataricus as a functional enzyme.
Comparison of the translated 195-amino acid residue sequence with other adenylate kinase sequences registered in the protein databases has found high sequence similarity (identity, 67z) with the enzyme from S. acidocaldarius 7) and lower but signiˆcant similarity (identities, about 40z) with those from M. jannaschii, M. igneus, M. thermolithotrophicus, and M. voltae. 8) These archaeal enzymes belong to the small variants of the adenylate kinase family, having a shortened LID region 6) by the lack of the 30-residue sequence occurring in the large variant enzymes (Fig. 6) . 5) Although the S. solfataricus adenylate kinase shows very low sequence similarity (identities, about 20z) with the small and large variants of bacterial and eukaryotic enzymes irrespective of the 30-residue sequence, multiple align- ment of various adenylate kinase sequences has shown the conservation of a Gly-rich sequence located close to the N-terminus and two invariant Arg residues in the S. solfataricus adenylate kinase sequence (Arg133 and Arg142) (Fig. 6) .
The Gly-rich sequence identiˆed in many nucleotide-binding proteins 19) has been shown to associate with the b-and g-phosphate groups of MgATP bound to the bacterial and eukaryotic adenylate kinases and hence also called``P-loop''. 4, 27) The conserved Gly residues and a Pro residue as well in the Gly-rich sequence are important for making this loop region conformationally ‰exible, a feature required for substrate binding. 23, [27] [28] [29] In addition, a highly conserved Lys residue plays a key role, presumably in stabilizing the loop structure 28) and the transition state intermediate formed during the phosphoryl transfer reaction. 30) These residues are totally preserved in the corresponding Gly-rich sequence of the S. solfataricus adenylate kinase (Fig. 6 ), strongly suggesting their functional importance and the structural similarity of the enzyme to the bacterial and eukaryotic adenylate kinases. However, there is a notable diŠerence between the Sulfolobus enzymes and those of other organisms in that a Gly residue is inserted after the conserved Lys residue in the sequences of the latter majority of adenylate kinases. In view of the consensus Gly-rich sequence written as GXXXXGK(S W T), 19) the Sulfolobus enzymes are more like other nucleotide-binding proteins than ordinary adenylate kinases. Further interesting points to be noted for the Gly-rich sequences of archaeal enzymes are that the Lys residue is replaced by Ser or Gly in the Methanococcus enzymes 8) and that the enzyme of a halophilic archaeon H. halobium, belonging to the large variant adenylate kinase group and showing signiˆcant sequence similarity to bacterial enzymes, 9) has the Gly insertion after Lys like most adenylate kinases (Fig. 6) . Taken together, theseˆnd-ings support a suggestion that the archaeal enzymes constitute a unique class of adenylate kinase which is further divided into separate subclasses of the enzyme, 8, 9) although functional signiˆcance of the variations in the Gly-rich sequence is not obvious in the absence of mutational analyses for the varied residues.
A previous X-ray crystallographic study on the E. coli adenylate kinase 4) has indicated that Arg119 is located close to the adenosine moiety of the bound MgATP, and Arg156 forms hydrogen bonds with both of the a-phosphate group of the bound AMP and the g-phosphate group of MgATP. These two Arg residues are the two invariant Arg residues in the multiple sequence alignment and correspond to Arg133 and Arg142, respectively, of the S. solfataricus enzyme (Fig. 6 ). The roles of these two Arg residues in the S. solfataricus enzyme remain to be studied by e.g., site-directed mutagenesis and chemical modiˆcation.
Compared with kinetic parameters of chicken muscle adenylate kinase 2) as a representative of the smallvariant and mesophilic enzymes, the S. solfataricus adenylate kinase had 10 2 -fold lower K m values (K m1 and Km4) for AMP and 3¿4-fold lower Km values (Km2 and Km3) for MgATP ( Table 4 ), indicating that the S. solfataricus adenylate kinase has high a‹nity for AMP. It should be noted that the kinetic parameters of S. solfataricus adenylate kinase have been measured at a temperature (379 C) much lower than the optimum, the kcat is apparently 50-fold lower than that of the mesophilic chicken muscle enzyme measured at 259 C ( Table 4 ). The kinetics of S. acidocaldarius adenylate kinase reaction has been analyzed on the basis of a simpliˆed MichaelisMenten mechanism, instead of the presumed random quasi-equilibrium Bi Bi mechanism, giving roughly 600 mM for Km values (corresponding to Km3 and Km4) for both ATP and AMP. 7) Thus, S. solfataricus adenylate kinase shows 25-and 400-fold higher speciˆcities for ATP and AMP, respectively, than the S. acidocaldarius enzyme. In addition, the strong inhibition by AMP observed with S. solfataricus adenylate kinase has not been reported for S. acidocaldarius adenylate kinase. These marked diŠerences between the two Sulfolobus enzymes in enzymatic properties may result from diŠerences in the extent of conformational changes occurring upon substrate binding (see below).
Most enzymes, if not all, belonging to the adenylate kinase family have commonly a monomeric structure with polypeptide sizes ranging 20,500¿ 27,500 Da. The only known exception is the S. acidocaldarius enzyme, which has been suggested by gel-ˆltration to have a homodimeric structure in solution. 11) As for other NMP kinases, the E. coli guanylate kinase was reported to be dimeric under high salt conditions and tetrameric under low salt conditions. 31) Therefore, the homotrimeric subunit structure of the S. solfataricus adenylate kinase identiˆed in this study is unique among NMP kinases, including adenylate kinase. Recently, the crystal structure of the S. acidocaldarius enzyme has been solved and shown to be trimeric, 32) in contrast to the previous solution measurements that suggested a dimeric structure.
11) However, the inter-subunit interactions in enzyme crystals could result from crystal packing and might not necessarily be direct evidence for the subunit structure in solution. In this regard, our data reported here provide theˆrst demonstration of the trimeric subunit structure of S. solfataricus adenylate kinase in solution.
In marked contrast to the monomeric chicken cytosolic adenylate kinase, which is readily inactivated at temperatures above 559 C, 23) the trimeric S. solfataricus adenylate kinase is highly stable at around 909 C like the S. acidocaldarius enzyme. It has been reported that some hyperthermophilic archaeal enzymes prefer to have a subunit association state higher than the mesophilic counterparts. 33, 34) For example, 3-phosphoglycerate kinases from hyperthermophilic archaea are homodimers, while those from mesophilic archaea, bacteria, and eukaryotes are monomers.
33) The oligomeric structure has been assumed to contribute to the elevated thermostability of the hyperthermophilic archaeal enzymes by forming hydrophobic, electrostatic, and W or hydrogenbonding interactions between the subunits, and is thus advantageous for the organisms adapting to an elevated temperature. 34) Furthermore, subunit oligomerization often brings enzymes to show allosteric cooperativity. In fact, the oligomeric E. coli guanylate kinase binds GMP cooperatively, responding to its subunit structure, in contrast to the monomeric yeast enzyme showing no cooperativity in GMP-binding. 31) In the case of S. solfataricus adenylate kinase, the steady-state kinetic analyses indicated that the a‹nities for the second substrate are strengthened after binding of theˆrst substrate (Km3ºKm2, Km4ºKm1): A simpliˆed cooperativity factor (b) of the S. solfataricus adenylate kinase, being much higher than 1.0, indicates a positive cooperativity in substrate binding of the S. solfataricus adenylate kinase (Table 4) . Similar positive eŠects have been observed in other adenylate kinases, 2) and are thought to be mediated by conformational changes induced upon binding of either substrate.
2) Furthermore, the S. solfataricus adenylate kinase undergoes substrate inhibition at a very low concentration of AMP, which may also be relevant to the trimeric structure of the enzyme.
